The principal assumption and the heart of the standard cooling flow model is the assumption of steady flow; this means that the partial time derivative of the gas density is nearly equal to a zero everywhere. In other words, the gas density profile does not change with the time, and the gas (ICM) mass inside the cooling core is a constant during the cooling. Therefore, the whole flowing gas from outside cooling core will completely turn to a non-gaseous phase (stars), depositing inside the cooling core as newly formed stars. The standard cooling flow is known as a model which, from the continuity equation, predicted a large amount of a cool gas and formed stars. These predictions are not found in any wavelength observations. This is known as the cooling flow problem; i.e. there is a discrepancy between the standard cooling flow model and the current X-ray and non X-ray observations. One can say that the cooling flow problem is due to the steady flow assumption. The strong discrepancy between the standard cooling flow model and current
Introduction
The X-ray emission from clusters of galaxies is primarily due to thermal Bremsstrahlung or free-free emission from the fully ionized plasma.
where ǫ m is the X-ray emissivity per unit mass (erg sec −1 gram −1 ) and n is the gas number density in unit cm −3 . The (Intra-Cluster Medium) ICM cools by emitting X-ray (energy loss per unit time per unit mass).
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Within the 100 kpc or so of the center of most clusters of galaxies, the electron density is high enough that this radiative cooling time of the gas, due to the emission of X-rays, is less than the age of the clusters (≈ 10 10 yr). Therefore, the radiating gas must cool and flow inward (subsonically) in order to maintain the pressure required to support the weight of the overlying gas (see Fabian 1994, for review) . This subsonic flow is known as a cooling flow (Fabian & Nulsen 1977; Cowie & Binney 1977) Send offprint requests to: E-mail:nasser@astro.rug.nl 1 At every point in space, the cooling depends on energy loss per unit time per unit mass, not per unit volume as supposed, see section 2. and the centers of clusters with t cool < H −1 o are known as "cooling flow clusters", even though there is no direct evidence for either cooling or flowing (see Donahue & Voit 2004 for review). The cooling region, i.e., the region within which t cool < H −1 o , is called as a cooling core with a high X-ray surface brightness.
When it was first realized that the gas in the central regions of clusters should cool and flow inward, the standard cooling flow model was developed. The steady flow assumption is the heart of the standard cooling flow model; i.e. the gas density at each point in space does not decrease or increase with the time. Assuming a steady flow, from continuity equation, the multi phase standard cooling flow model predicted a large amount of formed stars and cool gas in the cooling flow clusters of galaxies. The standard cooling flow have got early support by old X-ray observations. For example, the EINSTEIN Crystal Spectrometer and Solid State Spectrometer observations of the M87 halo supported the existence of multi phase gas with wide range of temperatures (with very cool gas component) at each radius (Canizares et al. 1979 (Canizares et al. , 1982 Mushotzky & Szymkowiak 1988) . Early X-ray observation implied a mass flow rate or the mass deposition rate between 10 -1000 M ⊙ /yr (see Fabian 1994 for review ).
In the other hand, the non-X-ray observation conflicted with the standard cooling flow. For example, McNamara (1997) 2 Nasser Mohamed Ahmed: The end of cooling flow problem in Clusters of galaxies demonstrated that the star formation rates are only in range of 1 % to 10% of the mass deposition rate inferred from X-ray observations. Edge (2001) concluded, from of CO line emmision in 16 cooling flow clusters, that the masses in the observed clouds are only factor 5-10% of that expected to have been deposited in these cooling flows. This problem was traditionally known as the mass sink problem or the cooling flow problem. There was a descrapnay between the old X-ray observations and non-X-ray observations.
The nature of cooling flow problem changed with the advent of high resolution data from Chandra and XMM Newton: there is no evidence of any gas cooling below 1 − 2 keV (Kaastra et al. (2002) ; Peterson et al. (2003) ; Tamura et al. (2001) ). Moreover, the observed temperature profiles can be fitted well with a single temperature model . Matsushita et al. (2002) , from XMM data for M 87 halo (ICM was supposed to be multi-phase), have shown that the temperature structure is well described by a single temperature model. These new X-ray observations are implying that the ICM is not cooling over a wide range of temperature as required in the context of the standard model (Molendi & Pizzolato 2001) . The new observations add another puzzle ( in comparison with standard model and the old X-ray observations ): why does the gas stop cooling any further below one half to one third of ambient temperature even thought the isobaric cooling time scale is very short in the center? This is the new cooling flow problem. In other words, why is there a discrepancy between the standard model and the new x-rays observations? In the context of standard model, the ICM needs to be heated and a current popular mechanism is the sporadic heating by AGN galaxies in the centers of cooling flow clusters.
However, this discrepancy could have another origin: The assumptions of the standard model are not realized (not correct). Here I will concentrate on this point, in particular, with respect to the validity of the steady flow assumption in the standard cooling flow model through the continuity equation. Moreover, I will show the multi-phase gas with very cool component was related to the old X-ray observations which was ruled out by current X-ray observations.
In section 2 and section 3, we will give some simple notes about the cooling rate and continuity equation. In section 4, the simple cooling flow model and the steady flow will be discussed in more details through the continuity equation. In section 5, we will investigate the multi-phase standard cooling flow model in order to know why the cooling flow is problematic and how the cool gas and formed stars can be predicted by X-ray. The origin of the multi-phase gas will be given. Moreover, we will see that the cooling flow problem (the predicted cool gas and formed stars) is due to the steady flow assumption in the standard cooling flow model. In section 6, the steady flow assumption will be studied in more details. We have found that the steady flow is impossible. The unsteady flow will be introduced as a reasonable solution for cooling flow problem. In section 7, we will study the effect of the heating on the cooling time scale. The cooling time scale is very short in some cooling flow cluster, but we do not observe a cool gas. This result is interpreted as that the cooling must be stopped or suppressed by a heating mechanism, but we have anther point of view. The heating will increase the cooling time scale, the short cooling time scale can not be related to a heating source. In section 8 and section (9), the result and conclusion will be given.
The cooling rate
The cooling is that the partial time derivative of gas temperature is less than zero (∂T/∂t < 0) at every point in cooling volume. The internal energy equation in term of the internal energy per unit volume is:
where U v is the internal energy per unit volume (3/2 nkT ) which is a function of the gas temperature and gas density as well; it can not reflect the effect of cooling. The ǫ v is the X-ray emissivity which is nearly proportion to the gas density square and the square root of the gas temperature. It is a more appropriate to write the internal energy equation in term of internal energy per unit mass (U m = U v /ρ) which is only a function in the gas temperature(U m = 3kT/µm p ), then we can probe the cooling.
where ∂U m /∂t is nearly the cooling rate. The X-ray emissivity per unit mass (ǫ m ∝ n √ T ) appears in the right hand side which is proportional to the gas density (not square) and the square root of the gas temperature. The cooling depends on the X-ray emissivity per unit mass, not per unit volume as supposed; .i.e the cooling rate depends on the gas density and square root of the gas temperature.
the cooling rate ∝ n √ T
The continuity equation for conserved flow
The continuity equation is the main tool to investigate the cooling flow in the clusters of galaxies.
where ρ g is the gas density (intracluster medium,ICM). The mass flow rate for a spherical symmetric is:
which is the amount of the flowing gas enter a sphere at radius r per unit time and v r is the velocity in r direction. The mass flow rate can be related to the mass flux as:
where
and the continuity equation becomes (for a spherical symmetric):
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The simple cooling flow model
When it was first realized that the gas in the central regions of clusters should cool and flow inward, a simple model, the standard cooling flow model, was developed. The principal assumption and the heart of the standard cooling flow model is the assumption of the steady flow; this means that the partial time derivative of the gas density and velocity is equal to a zero everywhere.
In other words, the gas density does not increase or decrease at every point in the space, and the gas (ICM) mass is constant during the cooling.
which means that the observed ICM mass is the same as when the cluster start to cool. From the continuity equation, the gas mass density flux must be zero:
and from equation 6 or equation 7, the mass flow rate (i.e., the inflowing mass which enters a sphere of radius r per unit time) is a constant with the radius and does not evolve with the time.
M f low (r) = constant
The term ∇(ρ g · v) is equal to zero which means that the mass entering the volume must equal to the mass going out of that volume, keeping the fluid mass unchanging.
The main problem with this assumption is that, given spherical symmetry, the flowing gas must accumulate somewhere near o the center (outside the cooling core), and this is not observed. Normally, the steady flow requires a open surface like a tube or a pipe, where the gas can go out of the volume. The steady flow in a closed surface (a sphere) requires some physical conditions which cloud be realistic or no.
There must be a place where the fluid or gas can flow out the volume, otherwise the flowing gas will accumulate in that volume breaking the steady flow assumption. The flowing gas must be accumulated near to the center within small radius r ≤ r small , keeping the gas in the cooling core region r small ≤ r ≤ r cool (r cool ≈ 100 − 200 kpc) in a steady state which is known as the simple standard cooling flow model, i.e. the gas enters the sphere at radius r cool and leaves at radius r small , keeping the gas mass unchanged in region r small ≤ r ≤ r cool .
from equation 6, we geṫ
This standard model, in its original form, involved a single gas phase (a one gas density and temperature at every point); we will refer to this original form as the " simple cooling flow model".
The steady flow and the multi-phase standard cooling flow model
It can be demonstrated from straightforward arguments, involving the first law of thermodynamics, that the mass flow rate is proportional to the X-ray luminosity divided by the gas temperature (Fabian et al. 1991; Fabian 1994) :
That is to say, one can determine the mass flow rate or the mass density flux directly from X-ray observations. The observations imply (via the luminosity -mass flow rate relation) that the gas mass flow rate is proportion to radius (Fabian et al. 1984; Peres et al. 1998) and not a constant as supposed by the simple cooling flow model:
From equation 6, the mass density flux is not equal to zero
.ie. the cooling must be unsteady, but the standard cooling flow model had anther point of view; it has kept the steady flow assumption. The continuity equation becomes, keeping the steady flow assumption:
where ρ * is the drop out phase density or the formed stars density and r cool is the cooling radius.
The last equation has a very import result which is the starting point of the cooling flow problem. For the steady flow, the right hand side of the continuity equation is not equal to a zero; .i.e the flow is not conserved.
This type of flow is known as a non-conserved flow. The whole flowing gas will turn completely to a drop out phase (non fluid phase-stars), keeping the gas mass unchanged.
whereṀ * is the mass rate of formed stars or the mass drop out phase rate. This drop out mass (stars) is called a mass deposition or a gas sink within the cooling radius. For the steady flow assumption, the mass deposition rate (formed stars) is equal to the gas mass flow rate, and therefore can be determined by X-ray observations as well. It is very important to note that the drop out phase (which is problematic) is due to the steady flow assumption which is in conflict with the cooling flow scenario in which the gas density must increase inward.
The origin of the multiphase nature of ICM
As in equation 14, this type of flow in known as (a one gas phase) non-conserved flow see appendix A.2. The nonconserved flow means that the medium has different components, one is a fluid phase and we can apply the hydrodynamical equations. The other form or phase is a non-fluid medium, like stars, and we cannot apply the hydrodynamical equations. The continuity equation, for total gas density, can not tell us any thing about the multi-phase (or multi-fluids) nature of any gas! Nevertheless, the standard cooling flow model wrongly interpreted this flow as a multi-phase flow or a multi-fluid (many gas densities and temperatures at each radius), trying to get an agreement with the poor old x-ray observations (Thomas 1987; Johnstone et al. 1992) , given its name as the multi phase standard cooling flow model, which is the evolved model of the simple model. The multi phase standard cooling flow model did not give any details about the nature of this multi-phase gas or what is the temperatures range which we have to observe. The multiphase gas with a very cool component was observed in older Xray observations and wrongly was related to the standard cooling flow model; i.e. the cool gas was inferred only from older X-ray observations (prior to the XMM-Newton and Chandra).
Older X-ray observations with low spectral resolution or spatial resolution, i.e., prior to the XMM-Newton and Chandra Xray observatories, showed that the ICM is a multi-phase flow, in agreement with the standard cooling flow model. That is to say, the X-ray flux could be fitted by a wide rage of temperatures at each radius. For example, the EINSTEIN Crystal Spectrometer and Solid State Spectrometer observations of the M87 halo supported the existence of a multi-temperature gas with very cool gas component at each radius (Canizares et al. 1979 (Canizares et al. , 1982 Mushotzky & Szymkowiak 1988) . In the next section, we see that the multi-phase gas with very cool component is rule out by current X-ray observation (Chandra and XMM Newton).
The standard model, beyond its simple form, is thus characterized by: 1-inhomogeneity or multi-phase gas 2-and presence of a significant quantity of formed stars inside cooling radius (due to steady flow assumption).
cooling flows problem in clusters of galaxies
Early estimates, based upon all these arguments, implied a gas mass flow rate or the mass deposition rate (formed stars rate, see eq. 15) between 10 -1000 M ⊙ /yr (see Fabian 1994 for review). According the standard cooling flow model, all the flowing gas (mass flow rate) will completely turn into a cool gas and newly formed stars. This has become a fundamental aspect of what is called the "the multi phase standard cooling flow model or the standard cooling flow model." But what is the fate of this gas which drops out of the flow to form stars? This cooling gas should be observable at some other wavelength-optical emission lines or evidence of on-going star formation-but this evidence has always been missing or unconvincing. This problem was traditionally known as mass sink problem or cooling flow problem. For example, McNamara (1997) demonstrated that the star formation rates are only in range of 1 % to 10% of the mass deposition rate inferred from X-ray observations. Edge (2001) concluded, from of CO line emmision in 16 cooling flow clusters, that the masses in the observed clouds are only factor 5-10% of that expected to have been deposited in these cooling flows. This was the original cooling flow problem, and it is important to realize that the problem arises from the conflict between the interpretations of X-rays observations and the observations at other wavelengths. The problem was the fate of cooling gas, which should be present according to standard model, but is not observed.
X-ray observatories, such as ROSAT or Einstein, which had the necessary spatial resolution did not have the needed energy range and spectral resolution to allow an accurate determination of temperature profile for hot clusters. On the other hand, instruments with good spectral capability, such as ASCA or Beppo-SAX did not provide the required spatial resolution to allow easily spectra-imaging of clusters (Arnaud 2005) .
The nature of cooling flow problem changed at the end of 1999 with the advent of high spatial and spectral resolution data from Chandra and XMM Newton: there is no evidence (from Xray observations) of any gas cooling below 1 − 2 keV (Kaastra et al. (2002) ; Peterson et al. (2003) ; Tamura et al. (2001) ). Moreover, the observed temperature profiles can be fitted well with a single temperature model . Matsushita et al. (2002) , from XMM data for M 87 halo (ICM was supposed to be multi-phase), have shown that the temperature structure is well described by a single temperature model. Ettori (2002) reported that the multiphase inferred from ASCA data was due to the poor resolution of ASCA. He has shown that the observed projected X-ray emission mimics the multi-phase status of the plasma even though the input distribution is a single-phase. In others words, the poor resolution and projection effects could be the main reasons for the observed multi phase gas. These new X-ray observations are implying that the ICM is not cooling over a wide range of temperature as required in the context of the standard model (Molendi & Pizzolato 2001) .
The essential puzzle perceived to be added by the new observations is this: Why does the gas stop cooling any further below one half to one third of ambient temperature even thought the isobaric cooling time scale is very short in the center? This is the new cooling flow problem and it arises from X-ray observations only-not the expectation of cool gas seen at other wavelengths. But, in a sense, this can be seen as a discrepancy between the new X-ray observations and the standard model. In the context of standard model, the cooling must be suppressed; i.e., the ICM needs to be heated and a current popular mechanism is the sporadic heating by active galactic nuclei (AGN) in the centers of cooling flow clusters.
In fact, the new observations are not as surprising as thought because the X-ray observations now agree with observations of other wavelengths-i.e., no evidence for a cool gas. The problem, in fact, lies with the assumptions of the standard model, specifically with those of steady flow cooling. The strong discrepancy between the standard cooling flow model and the current X-ray observations indicates either that the gas is prevented from cooling by some heating mechanisms or that the steady flow assumption of the standard cooling flow model is not realized and it is not appropriate for ICM. In the next section, I will show that the steady flow assumption is impossible to take place in the cooling flow clusters which means the standard cooling flow model is not appropriate model to handle the cooling flows in clusters of galaxies.
The impossibility of the steady flow and the solution of cooling flow problem
If we accept the steady flow assumption, then we are led to additional physical problems:-1. -As mention in section 4, the steady flow for closed surface (sphere) is impossible, specially for very diffuse gas , for large scale and for long period of time. Moreover, the very diffuse gas (ICM) must be compressed under the force of inflowing gas, breaking the steady flow assumption.
2. -The main observed characteristic of cooling flow clusters (i.e. those clusters where t cool < t Hubble in the center) is the high x-ray surface brightness within the cooling radius which implies a high gas density. Since the observed X-ray surface brightness depends upon the square of the gas density and only weakly on the temperature. This indicates that the gas density is keeping increase with the time within the cooling radius (i.e., the cooling is unsteady) until the Nasser Mohamed Ahmed: The end of cooling flow problem in Clusters of galaxies 5 cooling cool is formed. That is what we observe today, the cooling flow clusters. In others words, how a core with high surface brightness be created, dynamically or by cooling. If it is cooling then it is time-dependent. The flow takes place because the gas density must rise to support the weight of the overlying gas due to pressure drop (Fabian 1994) .
3. -In multi-phase model, it is important to note that the mass drop out phase has no a thermal pressure to support the gravity because it is a non-gaseous phase and can not emit a thermal X-ray. For steady flow (the gas density does not change), as the temperature decreases due to cooling, the pressure must drop within the cooling radius and gravity will dominate resulting in a deviation from hydrostatic equilibrium. Because of that the gas will flow subsonically toward the center to restore the hydrostatic equilibrium; i.e., the gas density must increase towards the center, breaking the steady flow assumption. Then the steady state assumption is incompatible with the cooling.
4. -The multi phase medium (many temperature at each radius) with a very cool gas component was due to the poor old X-ray observations, which is ruled out by the modern X-ray observation (Chandra and XMM-Newton observatories). The standard cooling flow model wrongly interpreted the continuity equation (one phase non-conserved flow) as a multi-phase flow, just to agree with these old X-ray observations. Moreover, the standard model predicted a multi-phase medium without giving what is the temperature range but the temperature range was inferred only from old X-ray observations.
5. -The current X-ray observations imply that the mass flux is not equal to zero (∇(ρ g · v) 0,Ṁ f low ∝ r) and there is no observed drop out phase. All these results indicate that the cooling is unsteady,
which agrees with the cooling flow picture.
A realistic estimate of the cooling time scale
In this section, we consider in more detail the difference between the simple cooling time scale estimated on the basis of steady flow and the more general cooling timescale when the flow is allowed to be non-steady. We will define the cooling as the rate at which temperature drops at any point in the fluid, not the rate at which the internal energy per unit volume decreases (i.e., temperature is a measure of the internal energy per unit mass). It is also a relevance to consider the temperature because that is the quantity which is actually observed-not the internal energy per unit volume. The time evolution of the temperature (∂T/∂t) may be determined from the internal energy equation
and t = dṪ T If we assume that the density n is a function of time (unsteady flow), we get
The T hot is the temperature at which the cluster start to cool (in the past). T cool is the temperature after cooling which we observe now. The term t is the actual cooling time; it must be the same value for all radii. The ǫ v = an 2 √ T ) is the X-ray emissivity. But the central issue is that in non-steady flow the density appearing in equation 18 is not constant but a function of time. This means that no such simple estimate of the cooling timescale is valid; the full differential equation (eq. 18) must be solved, and this of course is coupled to the set of equations describing the entire cooling flow. This means that the simple estimate of the cooling timescale may be grossly incorrect; that the internal energy in one volume element of fluid located as some particular point in space may decrease much less rapidly than one would expect from the X-ray emission rate alone; this is because the density in that fluid element can increase in non-steady flow.
From equation (18), we can get the traditional cooling time scale by assuming:
1. we can ignore the heat flux 2 3
which is incorrect near to the center, where the temperature gradient is large..
2.
Assuming steady flow, we can get the term 'n' out of the integration.
we have seen that the steady flow is impossible.
we can substitute ǫ v with an 2 √ T , we get
All these assumptions (in the denominator of equation 18) could be a source of error for cooling time scale determination. In Reality, the gas density (in the denominator of equation 18) is higher than in the past; .i.e the result of this integration could be large than the cooling time scale. This is a reason why we do not see a cool gas even thought the cooling time scale is very short in the centers of some cooling flow clusters. Moreover, in the next section, we will see that the heating can not be a solution of this problem because the heating will increase the cooling time scale.
The effect of the heating process on the cooling time scale
The cooling time t is the period of time for a given system to cool from a higher temperature to a lower one. The cooling time scale t cool is a approximation for it, see appendix B. The term scale is used to denote that approximation. In this section, we will see the effect of heating on the cooling time scale. In some of the cooling flow clusters centers, the cooling time scale is in the range of 10 8 − 10 9 Gy less than the age of cluster t H but there is no a cooling gas below of 1-2 keV. This suggests that the heating process must work to suppress the cooling, but we will see that is absurd. The cooling time scale is given by (Peterson & Fabian 2006) :
T is the gas temperature and n is the gas particle number density.
We can suppose that there are two clusters with the same initial conditions. The first one is only cooling and the second one is cooling and heated. The cooling time scale in the first one (a pure cooling) is given by:
This cooling time scale should be near to the age of cluster t H if the cooling time scale is a good estimator for the actual cooling time.
In second cluster, the heating process will increase the gas temperature by ∆T and decrease the gas density by ∆n, by suppressing the flowing gas, the cooling time scale in the second case is:
n − ∆n which is larger than the first case (a pure cooling)
The result is that the heating process increases the cooling time scale. If the heating process is taking place in the centers of cooling flow clusters, we must find that the cooling time scale is in the order of 10 10 years or higher, which is not observed in cooling flow clusters. This result means that the cooling time scale is not a good estimator for the the actual cooling time.
Results
We have investigated the standard cooling flow model through the continuity equation. The predicted cool gas and formed stars by standard cooling flow model (cooling flow problem) is a result of steady flow assumption. As mentioned above, the steady cooling is impossible to take place in cooling flow clusters of galaxies. Finally, relaxing the assumption of steady steady flow in the continuity equation, we will find that there is not necessarily a prediction of a large amount of cool gas or formed stars in the central cooling region.
∂ρ g ∂t + ∇ · (ρ g v) = 0, and for spherical symmetric (see equation 6):
which means that the whole inflowing gas will accumulate inside the cooling core as gas phase, getting observed cooling flow clusters with a high X-ray surface brightness. We do not have to find a very cool gas because the gas density was more diffuser in the past than now. There is a cooling flow but the cooling is not so much as supposed.
M ICM =Ṁ f low
whereṀ ICM is the ICM mass increasing rate inside the cooling radius and there is no need for mass drop out phase (stars). The unsteady flow is reasonable solution of cooling flow problem in clusters of galaxies.
Conclusion
The cooling flow problem is due to the steady flow assumption of the standard cooling flow model. I have critically examined the steady flow assumption of the standard cooling flow model by considering the continuity equation and the results are:
1. I have found that the cooling flow problem is primarily due to the unrealistic assumption of steady flow in the standard cooling flow model. Steady flow means that the gas density profile does not change with the time, i.e the gas (ICM) properties do not change with the time, nothing happen which is in contradiction with the creation cooling core. The flow takes place because the gas density must rise to support the weight of the overlying gas due to pressure drop. I suggest here that unsteady flow is the obvious solution to this problem. 2. Furthermore, the multi-phase medium predicted by the standard cooling flow model results from an incorrect interpretation of the continuity equation, trying to get fit with old X-ray observations. This type of flow is just one phase non-conserved flow. The continuity equation, for total gas density, can not tell us any thing about the multi-phase nature of any gas! 3. The cooling time scale determination based on a huge approximations and it could be a source of series error. Moreover, the heating will increase the cooling time scale above the Hubble time which is not observed.
In conclusion, I propose that unsteady flow is the realistic solution for the cooling flow problem in clusters of galaxies. Moreover, I establish that steady flow is a virtually impossible condition to achieve which rule out the standard cooling flow model because it based on steady flow assumption.
